Plasmons, which are collective charge oscillations, offer the potential to use optical signals in nano-scale electric circuits [1, 2, 3] . Recently, plasmonics using graphene [4, 5, 6, 7, 8] have attracted interest, particularly because of the tunable plasmon frequency through the carrier density n [8, 9] . However, the n dependence of the plasmon velocity is weak (∝ n 1/4 ) and it is difficult to tune the frequency over orders of magnitude. Here, we demonstrate that the velocity of plasmons in graphene can be changed over two orders of magnitude by applying a magnetic field B and by the presence/absence of a gate; at high B, edge magnetoplasmons (EMPs), which are plasmons localized at the sample edge, are formed and their velocity depends on B and the gate screening effect. The wide range tunability of the velocity and the observed lowloss plasmon transport encourage designing graphene nanostructures for plasmonics applications.
B and a gate encourage designing graphene nanostructures for plasmonic circuits.
For this work, large-area graphene is essential to obtain long time of flight that can be resolved by electrical means. We prepared a graphene wafer by thermal decomposition of a 4H-SiC(0001) substrate [22] . The edge of graphene devices was defined by etching the graphene and the SiC substrate. The surface of the devices was covered with 100-nm-thick hydrogen silsequioxane (HSQ) and 40-nmthick SiO 2 insulating layers. As a result of n-doping from the SiC substrate and p-doping from the HSQ layer, graphene has n-type carriers with n = 5 × 10 11 cm −2 . Longitudinal R xx and Hall R xy resistances in a millimeter-scale Hall bar show well developed ν = 2 and 6 QH states (Fig. 1b) , demonstrating that the carrier density is almost uniform even in the large device.
For the time-resolved transport measurement, we used two samples, one with and the other without a large top gate (Fig. 1c ). Excited charges with the energy of < 1 meV are injected into graphene by applying a square voltage pulse to the injection gate deposited across the sample edge: at the rising and falling edges of the pulse, positive and negative charges are generated, respectively (Fig. 1d) . The charges propagate in the sample and are detected as the time-dependent current by a sampling oscilloscope through the detector Ohmic contact, which is located 1.1 mm away from the injection gate. The origin of the time is set at the onset of the injection pulse (supplementary information). All measurements were performed at 1.5 K. Figure 2 shows results for the sample without a top gate. The current traces are asymmetric with respect to B = 0 T (Fig. 2a) because of the chirality of the edge current: when B is applied from the back of the sample (B > 0), the chirality is clockwise and the injected charges travel to the detector Ohmic contact along the left edge (Fig. 1c) ; otherwise (B < 0), the charges flow to other grounded Ohmic contacts. For B > 0, detailed measurements with fine time and B steps (Fig. 2b) reveal that the amplitude and the time delay of the current pulse depend on B.
The amplitude of the current pulse is large around B = 3 T and for B > 5 T, where the ν = 6 and ν = 2 QH states are formed, respectively. This indicates that the charge relaxation is mainly due to scattering by electrons in bulk graphene. The time delay at the current peak, which corresponds to the time of flight of charges, is about 1 ns. It increases with B and becomes almost constant in the ν = 2 QH state for B > 5 T [23] .
The velocity of charges can be calculated from the time of flight and the length of the edge (Fig. 2c) . Note that for smaller B, where edge channels are not well developed, excited charges propagate in bulk graphene from the injection gate to all the Ohmic contacts. The detected signal corresponds to charges drawn to the detector Ohmic contact. Since we used the direct path length between the injection gate and the detector Ohmic contact to calculate the velocity, the value for smaller B would be underestimated. Around B = 0 T, the velocity is about 2,000 km/s or larger, which is larger than v F ∼ 1, 000 km/s. This demonstrates that charges propagate not as individual electrons but as collective modes, that is, sheet plasmons. Indeed, the velocity of sheet plasmons is calculated to be inversely proportional to √ k with k the wave number [9] , and it is larger than v F at small k ∼ 10 3 m −1 , which is relevant to the transport measurement. As B is increased, the velocity decreases with plateau structures appearing for the ν = 6 and ν = 2 QH states, suggesting that the velocity is a function of σ xy . This feature is an indicator of EMPs [10, 11, 12] ; at high B, sheet plasmons have a gap corresponding to the cyclotron energy and gapless plasmons exist only in edge channels.
For a quantitative analysis, the velocity is compared with theory and experiment for GaAs QH systems. In a GaAs QH system without a top gate, the velocity of EMPs is about 1,700 km/s at ν = 2 and 5,000 km/s at ν = 6 (inset of Fig. 2c ). Theoretically, the velocity is given by [11] 
where γ is the Euler constant and ǫ is the dielectric constant (ǫ GaAs = 12.9ǫ 0 in GaAs). In this model, w represents the transverse width of the edge potential and EMPs are confined within w. Equation (1) well fits the experimental result with a constant w ∼ 2 µm, which is consistent with a soft wall edge potential in GaAs. In graphene, naively, the edge potential is a hard wall, where w in equation (1) is replaced by a length l = e 2 ν/ǫhω c determined by the Coulomb energy and the cyclotron energyhω c [10] : in our sample parameters, l ∼ 100 nm, which is much smaller than w ∼ 2 µm in GaAs. Since v in equation (1) increases with decreasing w, EMPs are expected to be much faster than those in GaAs. However, the velocities of 2,000 km/s at ν = 6 and of 1,000 km/s at ν = 2 are about half as large as those in GaAs. If we use the dielectric constant of graphene ǫ = (ǫ SiC + ǫ HSQ )/2 = 6.2ǫ 0 , which is the average of the values of the HSQ insulating layer (ǫ HSQ = 2.8ǫ 0 ) and the SiC substrate (ǫ SiC = 9.6ǫ 0 ), the best fit is obtained by adjusting w = 12 µm. This suggests that edge potential in our graphene devices is rather soft and/or EMPs are slowed down by some mechanisms that are not incorporated in equation (1) . We estimate w in our devices. At the sample edge, since SiC is mesa-etched and the side of the mesa is covered with HSQ (Fig. 2d) , p-doping from HQS is predominant over the n-doping from SiC. As a result, the potential for electrons increases gradually near the sample edge and w would be larger than l. On the other hand, the upper limit of w is set by a DC transport measurement in a small Hall bar made by the same fabrication process [22] : in a Hall bar with the width of 2.5 µm, R xx and R xy show well developed ν = 2 and 6 QH states with n = 6 × 10 11 cm −2 , similar to those in a large Hall bar (Fig. 1b) . This indicates that w must be smaller than 1 µm. The maximum w = 1 µm is still much smaller than w = 12 µm obtained by the fitting. This discrepancy demonstrates the existence of mechanisms that slow down EMPs. One possible mechanism is the screening by charges in dopants. Since dopants exist very close to graphene at a distance of ∼ 0.3 nm, a small change in positions of charges can partially screen the electric field of plasmons. This effectively enlarges the dielectric constant and reduces the velocity of plasmons. Note that although plasmon-phonon [18, 19, 20] and plasmon-electron [15, 16, 17] couplings also modify the velocity of plasmons, the couplings must be small for low-energy plasmons and they cannot be the only cause of the discrepancy. Figure 3 shows results for the sample with a top gate, which demonstrate that the plasmon velocity can be further changed by the gate. The behavior of the current pulse for the top gate bias V tg = 0 V (Fig. 3a) is largely different from that for the ungated sample. Typical time of flight is 10 ns, which is one order of magnitude larger than that in the ungated sample. In the ν = 2 QH state for B > 6 T, the time of flight increases with decreasing B. Around B = 3 T, weak signal for the ν = 6 QH state appears. The amplitude of the current pulse is small for B away from QH states. Similar measurements for 30 ≥ V tg ≥ −10 V were carried out, and the velocity is plotted in Figs. 3b-f. For V tg = 30 V, the velocity oscillates around 100 km/s with peaks at B = 10.8 and 6.2 T, where the ν = 6 and 10 QH states are formed, respectively. As V tg is decreased, the field position of the peaks shifts to lower B following the ν and, at the same time, the peak velocity decreases (Fig. 3g) .
The smaller velocity is due to the screening of the electric field in plasmons by the gate. The degree of the screening is evaluated by d/w with the gate-graphene distance d and the velocity is given by [24, 25] 
Note that this model is developed for a system without dissipation and valid only around QH states in our device. If we calculate w using d/ǫ = d HSQ /ǫ HSQ + d SiO 2 /ǫ SiO 2 with ǫ SiO 2 = 3.9ǫ 0 , d HSQ = 100 nm and d SiO 2 = 40 nm, typical w at ν = 6 becomes ∼ 10 µm. The unrealistically large w is similar to the result for the ungated sample (Fig. 2d) , again suggesting that the velocity of plasmons is reduced by interactions with their environment. Meanwhile, the observed ν and n dependence of the velocity cannot be explained by the B dependence of σ xy ; rather, the oscillating behavior suggests a contribution of σ xx . Theory with the dissipation taken into account suggests that, in a gated two-dimensional electron system, the dissipation damps EMPs and, at the same time, slows EMPs down [25] . This is consistent with the oscillation of the velocity as a function of ν with peaks in QH states. The increase in the velocity at ν = 6 with n suggests that the velocity increases with the gap of the QH state.
We demonstrated that plasmons propagate a distance of 1.1 mm with the velocity depending on B, n and the presence or absence of a gate. Quantitative analyses of the velocity suggested that interactions with dopants and dissipations slow plasmons down. This suggests that control of the environment of plasmons further increase the tunable range of the velocity. The wide-range tunability of the velocity and the observed large time of flight indicate that graphene is a promising material for plasmonics applications. Information on effects of B and a gate is useful to design plasmonics devices.
Methods We prepared a graphene wafer by thermal decomposition of a 4H-SiC(0001) substrate. SiC substrates were annealed at around 1,800 • C in Ar at a pressure of less than 100 Torr [22] . For the fabrication of devices, graphene and the SiC were mesa etched in a CF 4 /O 2 atmosphere. After the etching, Cr/Au electrodes were deposited and then the surface was covered with 100-nm-thick HSQ and 40-nmthick SiO 2 insulating layers. For the injection gate and the top gate, Cr/Au was deposited on the insulating layers. Although steps of the SiC substrate have been reported not to affect the plasmon dispersion [26] , to minimize this possible effect, the edge between the injection gate and the detector Ohmic contact is aligned parallel to the substrate steps. 1 mm) . The dashed line represents the velocity calculated using equation (1) with w = 12 µm; for the calculation, we used σ xy measured in the Hall bar sample and k = 2π/1.1 mm −1 with 1.1 mm the length of the edge. The inset shows the velocity of EMPs in a GaAs QH system taken from Ref. [14] . The red line is the result of fitting with w ∼ 2 µm. d, Schematic illustration of the non-uniform doping near the sample edge. 
